Although olfactory associative conditioning in newborn rats produces marked structural and functional changes in the olfactory bulb, recent evidence suggests that extrabulbar circuits must be involved in storing these early memories. The present experiments examined the role of the amygdala complex on early olfactory learning. Bilateral amygdala lesions or sham lesions were performed on Postnatal Day (PN) 5. On PN6, pups were trained in a standard classical conditioning paradigm associating odor with tactile stimulation. Behavioral testing on PN7 revealed that amygdala lesions blocked odor preferences but had no effect on conditioned behavioral activation. Similar sized neocortical lesions did not impair odor preferences. Importantly, amygdala lesion effects on learned odor preferences could be reversed by extensive overtraining. These results suggest that the amygdala complex plays a critical role in modulating associative learning as early as the first postnatal week in the rat.
acquired significance but that additional brain regions may be required to store the nature of that significance and to direct behaviors accordingly .
One candidate extrabulbar structure that may be involved in early olfactory associative learning is the amygdala. The amygdala is strongly implicated in learning and memory in mature animals, serving as either a storage site (Gallagher, Graham, & Holland, 1990; Kentridge, Shaw, & Aggleton, 1991; LeDoux, Cicchetti, Xagoraris, & Romanski, 1990; Miskin, Malamut, & Bachevalier, 1984; Sarter & Markowitsch, 1985) or a modulator of storage in other regions (Kim & McGaugh, 1992; Liang, McGaugh, & Yao, 1990) . Furthermore, the amygdala receives a direct projection from the main olfactory bulb (cortical nucleus of the amygdala) as well as inputs from the accessory olfactory bulb (medial nucleus of the amygdala) and piriform cortex (Macrides & Davis, 1983) . Importantly, the olfactory bulb-amygdala pathway is present prenatally and is nearly mature by the end of the first postnatal week in the rat (Schwob & Price, 1984) . This early appearance of the olfactoryamygdala pathway is in strong contrast to the development of other olfaction/memory-related structures. For example, olfactory bulb inputs to the lateral entorhinal cortex do not reach maturity until late in the second postnatal week (Schwob & Price, 1984) . Similarly, output from the anterior olfactory nucleus is delayed until the second postnatal week (Schwob & Price, 1984) .
The present series of experiments addressed the role of the amygdala in associative olfactory learning during the first postnatal week. Pups received bilateral lesions of the amygdala and periamygdala region on Postnatal Day (PN) 5 and were trained in a standard classical conditioning paradigm on PN6 using an odor conditioned stimulus (CS) and tactile stimulation as the unconditioned stimulus (US). Conditioned behaviors were tested on PN7. Pups trained at this age with odor-tactile stimulation pairings acquire a relative odor preference for the CS as well as a conditioned behavioral activation or arousal response to the CS. The results suggest that the amygdaloid complex modulates acquisition and/or expression of learned odor preferences in infant rats but does not alter conditioned behavioral activation.
Experiment 1
Experiment 1 was designed to determine the effects of bilateral amygdala lesions on learned odor preferences and learned behavioral activation in PN6 rat pups.
Method
Wistar rat pups, born in our colony to mothers obtained from Hilltop Lab Animals (Scottdale, PA), were used as subjects (n = 41 from seven litters; n = 1 pups for all groups except the odor-only lesion group, in which n = 6; furthermore, one litter was not tested for conditioned behavioral activation to the CS odor). Females and their litters were housed in polypropylene cages lined with pine wood chips. Food and water were available ad lib. Lights were on from 7 a.m. to 7 p.m. All training and testing were performed during the light phase. Litters were culled to 8 on PN1 (day of birth was considered PNO) with 4 males and 4 females. All procedures were in accordance with National Institutes of Health guidelines.
On PN5, pups were cold anesthetized and placed in a stereotaxic frame with lambda and bregma in the same horizontal plane. Bilateral, electrolytic lesions (1 mA for 40 s) were made of the amygdaloid complex (± 0.8 mm posterior, 1.5 mm lateral, and 7.3 mm ventral to bregma). Sham controls had the electrode lowered but no current was passed. After the lesions were made, the scalp was closed with cyanoacrylate. The pups were warmed and allowed to recover 30 to 60 min before being returned to the dam and litter. More than 95% of the pups survived the surgery.
On PN6, pups were placed in individual glass training chambers for a 10-min habituation period followed by olfactory classical conditioning. Pups in the amygdala lesion and sham control groups were randomly assigned to one of three conditioning groups. Pups in the paired group received 20 odor-tactile stimulation pairings. The CS odor was peppermint (Shilling) controlled by a flow-dilution olfactometer (1:10 dilution of saturated vapor; 2 L/min flow rate). The odor was presented for 10 sec; the last 9 s were coincident with vigorous stroking of the pups with a sable-hair brush. The intertrial interval was 3 min. Pups in the random group (specifically unpaired) received 20 presentations of odor and 20 presentations of tactile stimulation pseudorandomly. Odor and tactile stimulation were never coincident in this group. Pups in the odor-only group received 20 odor presentations with no tactile stimulation. Training for all groups was completed in 60 min, and the pups were then immediately returned to the dam and litter.
Behavioral observations were done during training to assess whether amygdala lesions produced behavioral deficits in pups. Specifically, lesion and sham pups in the random training groups were observed during the odor presentations as well as during stroking for unconditioned responses to these stimuli. A behavioral rating scale was used in which the level of behavioral activity was rated (Hall, 1979) : 0, not active; 1, movement of one body part (i.e., head rearing); 2, movement of two body parts (i.e., treading); 3, movement of three body parts (i.e., pivoting); 4, movement of four body parts (i.e., locomotion) , and 5, movement of five body parts.
On PN7, pups were tested for a learned odor preference and conditioned behavioral activation to the CS odor. Odor preference was tested in a Y maze. The Y maze was small enough to allow pups at this age to easily make clear choices. It consisted of a start box (dimensions 7 cm long x 9 cm wide) with 2 alleys (22 cm long x 9 cm wide) extending at 45° angles. Air streams flowed down each alley (flow rate 2 L/min): one with peppermint odor (1:10 concentration of saturated vapor) and one with pine wood chip odor. A test trial began by placing the pup in the start box and ended when the pup had advanced 7 cm down one of the alleys. Each pup received five trials. Between trials, the alleys were wiped clean and the odor tubes to each alley were reversed. A 30-s intertrial interval was used during the test.
Conditioned behavioral activation was also tested on PN7. The same pups were used for both tests, with the order of the two tests counterbalanced (Do, Sullivan, & Leon, 1988) . During the test, pups were given five 10-s odor presentations. Pup behavior was observed during a 10-s preodor baseline as well as during the 10-s odor. The behavioral rating scale (Hall, 1979) used was the same as that described for behavioral observations during training. All behavioral tests were conducted by an observer unaware of the experimental condition of the pups.
After behavioral testing, pups were given an overdose of sodium pentobarbital and perfused through the heart with saline and 4% formalin. The brains were cut in 40 u,m coronal sections and stained with cresyl violet for histological analysis. Lesion sites were reconstructed with the aid of the atlas of Paxinos and Watson (1986) . Although this atlas is designed for use with mature rats, the major landmarks required for identifying the amygdala complex were present in stained sections from PN5-7 pups.
Results
Pups in the amygdala lesion group did not appear to be physically debilitated by the lesion. Behavioral observations of pups during training suggest that lesioned and sham pups have similar unconditioned responses to odor and stroking presentations over the course of 20 training trials (see Figure 1) . Two-factor repeated analyses of variance (ANOVAs) for both responses to odor and responses to stroke showed no significant main effects or interactions. Pups in both groups showed a nonsignificant decrease in responsiveness to the conditioned odor over repeated training trials, two-factor repeated measures ANOVA, trials main effect F(3, 36) = 2.13, p = .11, and maintained responsiveness to the stroking US. Furthermore, weight gains did not significantly differ between lesion and sham pups. Mean weight gains from presurgery to 24 hr postoperatively for sham pups was 2.18 g (± 0.6) and for amygdala lesioned pups, 1.95 g (± 0.8), t(28) = 0.86, ns.
The results on conditioned behaviors are summarized in Figure 2 . Paired pups demonstrated a significant conditioned behavioral activation response to the CS odor, 2 x 3 ANOVA, training group F(2, 28) = 32.8, p < .001. This conditioned behavioral activation was not significantly affected by amygdala lesions, 2 x 3 ANOVA, Training Group x Lesion interaction, F(2, 28) = 0.8,p > .05, ns. Post hoc analysis revealed that both paired sham and paired amygdala lesioned pups had significantly greater behavioral activation scores to the CS odor than control pups (Tukey tests,p < .01).
In contrast, bilateral amygdala lesions significantly reduced the magnitude of the conditioned odor preference in paired pups, 2 x 3 ANOVA, Training Group x Lesion interaction, F(2, 35) = 5.2, p < .02. Post hoc analyses revealed paired sham pups chose the CS odor significantly more often than either the paired lesion or other control groups (Tukey tests, p < .01). Furthermore, amygdala lesion and sham-operated pups in random and odor-only groups did not significantly differ.
Histological analysis confirmed that all pups received damage to the amygdaloid complex. Areas most consistently damaged included the basomedial, cortical, and posterior cortical amygdala nuclei. There did not, however, appear to be a single amygdala nucleus damaged in common across all lesioned pups. In addition, some pups sustained damage to the piriform cortex. Composite reconstructions of the lesions are shown in Figure 3 . Reconstructions are at the area of maximal damage and include pups from Experiments 2 and 3.
Experiment 2
The results of Experiment 1 suggest that bilateral amygdala damage disrupts conditioned odor preferences. Because of the necessarily short interval between surgery and training, Experiment 2 was designed to test whether these effects were specifically due to amygdala damage or were due to nonspecific brain damage/trauma.
Method
Pups (N = 29 from five litters) were born and raised as described in Experiment 1. Amygdala lesions and sham controls were performed as described previously. In addition, a second control group received bilateral electrolytic lesions (1 mA, 40 s) of the neocortex (± 0.8 mm posterior, 1.5 mm lateral, and 2.5 mm ventral to bregma). All pups in the neocortical lesion group received paired conditioning trials. Pups in the other lesion groups were trained in the paired, random, or odor-only conditioning groups (paired sham, n = 4; paired amygdala lesion, n = 5; paired cortex lesion, n = 5; random sham and lesion, n$ = 4; odor sham, n = 3; odor lesion, n = 4).
Conditioned odor preferences were tested in a two-odor choice test. The test apparatus consisted of a Plexiglas arena (24 cm long x 14 cm wide) with a metal mesh floor. A 2-cm wide neutral zone bisected the floor perpendicular to the long side. Peppermint-scented pine wood shavings were placed beneath the floor on one side of the neutral zone, and clean pine wood shavings were placed on the other side. A test trial began by placing the pup on the neutral zone, and the amount of time spent over each odor during a 60-s trial was determined. The pup was removed from the arena and the floor wiped clean between trials during the 30 to 60-s intertrial interval. Each pup received three trials, and the direction in which the pup was placed in the neutral zone was counterbalanced across trials. Testing was performed by an observer unaware of the training condition of the pups. After testing, animals were perfused and lesion sites analyzed as described previously. 
Results
The results are summarized in Figure 4 . Bilateral amygdala lesions impaired conditioned odor preference, replicating the results of Experiment 1 but using a different testing procedure, 2 x 3 ANOVA, Training Group x Amygdala/Sham Group interaction, F(2, 18) = 4.9, p < .02. Lesions of the neocortex, however, did not significantly affect acquisition/expression of conditioned odor preferences, ANOVA, F(2, 13) = 22.4, p < .001. Post hoc Fisher tests revealed that paired sham and paired cortex lesioned pups were significantly different from paired amygdala pups (p < .05) but not different from each other.
Histological analysis confirmed damage to the amygdaloid complex in amygdala lesioned pups. Areas of damage were similar to those reported in Experiment 1 (see Figure 3 ). Neocortical lesioned pups had damage primarily limited to the parietal cortex and underlying white matter.
Experiment 3
Experiment 1 demonstrated that amygdala lesions interfere with conditioned odor preferences but do not interfere with conditioned behavioral activation to odors. The results have at least two possible explanations. First, odor preferences and behavioral activation may rely on different neural substrates. Thus, conditioned odor preferences may require an intact amygdala for acquisition/expression, whereas conditioned be- havioral activation may rely on nonamygdala pathways for acquisition and expression. Alternatively, behavioral activation and odor preferences may require similar neural pathways but lie on a continuum from easily to more difficult behaviors to condition. Thus, behavioral activation may be conditioned easily and quickly, whereas odor preferences may be more difficult to condition. If the role of the amygdala is to modulate or enhance memory storage, then perhaps this modulation is more critical for difficult information but less critical for easily acquired infor- mation. It might be predicted, then, that the effects of amygdala lesions and loss of this modulation might be compensated for by overtraining.
Method
Pups (N = 22 from five litters) were raised and lesioned as described in Experiment 1. All pups were trained in the paired condition. Half of the pups received the standard 20 CS-US pairings («s = 5/group) and half received 40 CS-US pairings (ns = 6/group).
Results
Overtraining was not sufficient to prevent or markedly reduce the effects of amygdala lesions ( Figure 5 ). Conditioned odor preferences were reduced by amygdala lesions in both the 20-and 40-trial conditioning groups, 2 x 2 ANOVA, main effect of surgery, F(l, 18) = 10.8, p < .005. There was no significant interaction between number of training trials and type of surgery, F(l, 18) = 4.28,p > .05, ns.
Although the lesion effect in the 40-trial group was clearly significant (post hoc Tukey test, p < .05), the 20-trial group was not. This lack of an effect was primarily due to a single animal in the 20-trial lesion group (n = 5) that spent 121 s over the CS odor (a strong relative preference; see Figure 5 ). It is unclear whether this animal represents random variation or a real difference from other amygdala lesioned pups. However, a close examination of the lesion site in this animal did not reveal a noticeable difference in size or location of the amygdala lesion compared with other pups in this or the previous experiments (see Figure 3) .
Experiment 4
Experiment 4 further explored the possibility of compensation for amygdala damage by overtraining. Furthermore, this experiment tested the generality of the previous results by using a slightly different training procedure and a different odor: citral. The overtraining paradigm in Experiment 3 was a massed-trials design that had the pups undergo a continuous 120-min training session (as opposed to 60 min for normal conditioning with this procedure). It is possible that later trials in that session may have been less effective because of receptor adaptation or olfactory habituation or a deterioration of the pup during the prolonged training session. The present design distributed the overtraining into three 30-min sessions, with the pups returned to the dam for 60 min between sessions. Thus, the overtrained pups experienced three times as much training as the normally conditioned (30 min) pups.
Method
Pups (N = 99 from nine litters) were raised and lesioned as described in Experiment 1. On PN6, pups were assigned to one of three conditioning groups, with citral (Sigma) as the CS odor. Pups in the paired conditioned (n = 17 sham and 17 lesion) were placed in glass training chambers for a 10-min habituation period. A 2-cm 2 tissue with 5 p.1 of citral was then placed in the chamber as the CS. Thus, unlike the previous experiments, pups were given continuous exposure to the odor during training. During the odor exposure, pups were vigorously stroked more frequently than in previous experiments: 30 s every minute for 30 min. The overtraining condition (3 x paired; n = 18 sham and 17 lesion) consisted of three identical paired sessions separated by a 60-min intersession interval, during which the pups were returned to the dam and litter. Pups in the odor-only control group (n = 17 sham and 13 lesion; 1 lesion pup was not tested in the behavioral activation test) were exposed to the odor alone (30 min) with no stroking.
On PN7, pups were tested for both a conditioned odor preference and conditioned behavioral activation to the CS odor. The odorpreference test was a two-odor choice test as described in Experiment 2, with one side of the chamber placed over a tissue with 5 |j.l of citral and the other side over clean pine wood shavings. Each pup received three trials with at least a 30-s intertrial interval. The behavioral activation test was performed by placing the pup in the glass training chamber and introducing a citral-scented tissue (2 cm 2 ) into the chamber three times, with an intertrial interval of 60 s. Pre-and postodor behavioral activation ratings were determined as described in Experiment 1. Pups were used in both tests with the order of testing (odor preference vs. behavioral activation) counterbalanced. After behavioral testing, pups were perfused and lesions confirmed histologically. Conditioned behavioral activation to the CS odor compared with preodor activity. Amygdala lesions did not impair acquisition of this conditioned response regardless of the duration of training. B: Performance in the two-odor odor-preference test. Amygdala lesions blocked odor preferences in normally trained pups but did not impair performance of the overtrained pups with this paradigm. Asterisks represent significant differences when compared with paired lesion and odor-only controls,/? < .05.)
Results
Both paired sham and 3x paired sham pups demonstrated a significant learned behavioral activation response to the CS odor ( Figure 6A ), training group main effect, F(2, 92) = 14.34, p < .01. Similar to the results of Experiment 1, amygdala lesions did not disrupt this learned behavioral activation in either the normally trained or overtrained pups, Training Group x Lesion interaction, F(2, 92) = 0.54, ns. Post hoc Fisher tests revealed that paired sham and lesion pups and 3x paired sham and lesion pups were significantly different from odor-only sham and lesion pups.
Furthermore, consistent with previous experiments, odor preference conditioning in paired pups after a single 30-min training session was blocked by amygdala lesions ( Figure 6B ). However, in contrast to Experiment 3, the distributed trials overtraining paradigm used here was sufficient to overcome the effects of amygdala lesions on learned odor preferences. Thus, both 3x paired sham and 3x paired lesion pups demonstrated a significant odor preference for the CS odor compared with odor-only controls, Training Group x Lesion interaction, F(2, 93) = 3.63, p < .05. Post hoc Fisher tests revealed that paired sham, 3x paired sham, and 3x paired lesion groups were all significantly different from both odoronly groups and the paired lesion groups (p < .05). The paired lesion group was not significantly different from the odor-only groups.
Histological analysis revealed damage to the amygdaloid complex in lesion pups, with several pups also receiving damage to the piriform cortex (Figure 7) . No consistent
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Bregma -3.U mi Figure 7 . Representative lesions from pups in Experiment 4. (An example of a large lesion is shown on top, and a small lesion is shown on the bottom. Approximate medial, lateral, and dorsal extents of the lesions are marked by arrows. Corresponding plates from Paxinos and Watson, 1986 , atlas are displayed on the right of both sections. Note that in both cases the cortical nucleus of the amygdala received damage.) differences in lesion sites between training groups were observed.
Discussion
The present results suggest that the behavioral consequences of early olfactory learning may involve several neural substrates even during the first postnatal week. The results demonstrate that bilateral lesions of the amygdaloid complex and surrounding tissue impair conditioned odor preferences in PN6 rats but do not interfere with conditioned behavioral activation to the CS odor (Experiments 1 and 4). These results are robust in that amygdala lesion effects can be demonstrated with at least two different training and testing paradigms and two different CS odors (Experiments 1 and 4) . Furthermore, these effects do not appear to be due to nonspecific consequences of electrolytic ablation in newborns (Experiment 2). Finally, they do not appear to be due to lesion-induced anosmia because (a) lesioned pups demonstrated unconditioned and conditioned behavioral activation to the CS odor; (b) lesioned pups spent more time over the clean shavings than over the CS-scented shavings, thus demonstrating olfactory discrimination; (c) anterior amygdala lesions do not affect olfactory thresholds in mature rats (Slotnick, 1985) .
Importantly, given substantial overtraining, amygdala lesioned pups could learn and express a conditioned odor preference. Overtraining in Experiment 3 involved doubling the number of training trials in a massed training session. Amygdala lesions were effective in blocking preference conditioning in this paradigm. Overtraining in Experiment 4, however, involved tripling the number of training trials using a distributed training paradigm. This paradigm effectively alleviated the impairment in preference conditioning produced by amygdala lesions (see Figure 6 ). Although it cannot be determined from these data which is the critical factor in overtraining (more trials or distributed vs. massed trials), these results clearly demonstrate that the amygdala may perform a modulatory role in odor preference learning rather than a storage role (Liang et al., 1990) . Normal amygdala function may facilitate odor preference learning in pups.
Similar effects of overtraining on amygdala-mediated impairment in learning have been recently demonstrated in the adult rat (Kim & McGaugh, 1992) . In that study, N-methyl-Daspartate antagonists injected directly into the amygdala impaired retention of an inhibitory avoidance task. Overtraining attenuated this impairment (Kim & McGaugh, 1992) .
In contrast to the role of the amygdala in conditioned odor preferences, conditioned behavioral activation was not affected by amygdala lesions regardless of training duration (Experiments 1 and 4). A similar neuroanatomical separation of conditioned odor preferences and conditioned behavioral activation responses has been reported using a unilateral olfactory conditioning paradigm in PN6 rat pups (Kucharski, Johanson, & Hall, 1986) . Pups trained on PN6 to a CS odor with a single naris opened, then tested with the trained naris closed and the contralateral (untrained) naris opened, display normal conditioned behavioral activation but no conditioned odor preference (Kucharski et al., 1986) . If training occurs instead on PN12, after anterior commissure development, both behavioral activation and odor preferences can be recalled from the untrained naris. These results have been interpreted as suggesting that memory required for conditioned behavioral activation may be accessible to both hemispheres before anterior commissure development, whereas memory for conditioned odor preferences is not (Kucharski et al., 1986) . This could represent different neural substrates for these two response types, an interpretation that could be supported by the present results.
In mature rats, lesions of the amygdala central nucleus also differentially affect two types of conditioned responses (Gallagher et al., 1990) . Gallagher et al. (1990) reported that bilateral central nucleus lesions disrupt conditioned responses that resemble responses to the CS before conditioning (e.g., orientation to the CS; CS generated). However, acquisition of conditioned responses to the US (e.g., approach to the food cup in an appetitive task; US generated) is not disrupted by amygdala lesions. The present results in pups could also be described in this framework, although in most lesioned pups the central nucleus was spared. Acquisition of US-generated responses (i.e., behavioral activation to the reward) was not affected by amygdala lesions, whereas acquisition of CSgenerated responses (i.e., orientation and approach to the CS odor) was.
Although the present results suggest an involvement of the amygdala in early olfactory memory, it should be emphasized that the electrolytic lesions produced here also result in damage to surrounding tissue and can be presumed to have damaged fibers of passage. Several of the lesions were located ventrally, damaging deep layers of the piriform cortex. These lesions might be expected, therefore, to have damaged inputs to the entorhinal cortex in addition to the amygdaloid complex. Thus, localization of the specific substrates involved cannot be determined from these data. However, in support of the present results, the amygdala has also been demonstrated to be critical for heart rate conditioning to odors in preweanling rats. Bilateral lesions of the central nucleus of the amygdala in PN18 rat pups impair heart rate conditioning after odorfootshock associative training (Sananes & Campbell, 1989) . Together, these results suggest that the role of the amygdala in memory for both autonomic and voluntary learned behaviors is expressed very early in development (also see Leonard, 1981) .
It is interesting to note that, at the ages examined here (PN5-6), the primary cortical input to the hippocampus from the entorhinal cortex is in the very earliest stages of development (Grain, Cotman, Taylor, & Lynch, 1973) . Thus, these pups essentially have a natural hippocampal lesion in addition to the experimentally induced amygdala lesion. Given the literature on the effects of combined versus separate hippocampal/amygdala lesions on memory (Mishkin, 1978; Mishkin et al., 1984) , it will be interesting to observe whether the effects of amygdala lesions on these behaviors change as the hippocampal formation matures.
The present results suggest that the amygdala complex and surrounding area, widely shown to be critical for memory storage and memory modulation in the adult, are critical for some memory functions in the neonatal rat. Specifically, the amygdala appears to play a modulatory role in early learning. Amygdala lesioned pups are severely impaired in odor preference conditioning but do express conditioned behavioral activation to the learned odor. This amygdala lesion-induced odor preference learning impairment can be offset by overtraining.
These results suggest two points. First, associative memory, even during the first postnatal week, is a distributed process involving many central structures. Early olfactory associative learning modifies the olfactory bulb (Leon, 1987) , is dependent on centrifugal pathways into the bulb (Sullivan, Wilson, & Leon, 1989; , involves olfactory system commissural and efferent pathways (Kucharski et al., 1986) , and is modulated by the amygdala complex (present article).
Second, these results suggest that the amygdala complex is not a storage site for early olfactory memories but serves to modulate memory acquisition or retrieval. That is, despite a clear impairment in odor-preference learning in amygdala lesioned pups, given sufficient training lesioned pups can learn an odor preference. Thus, modulation of memory-increasing or decreasing the likelihood that an event will be rememberedappears to be a fundamental characteristic of brain memory mechanisms as evidenced by its very early appearance during ontogeny.
